熱音響エンジンに用いる積層金網蓄熱器に関する実験的研究 by 許 書涵
Experimental Studies on Stacked Screen






論 文 内 容 要 旨	 	 	 	 	 	 	 	 	 
A stacked-screen regenerator, made of a pile of metallic mesh screens and having numerous tortuous flow channels, was 
experimentally investigated by measuring acoustic fields and acoustically- driven heat powers when acoustic gas oscillations 
were excited in the regenerator. This thesis accomplished a method to model the regenerator with a bundle of regular 
cylindrical tubes with an effective radius—𝑟eff, which was characterized by two dimensionless parameters intrinsic to 
oscillatory gas flows. The knowledge of 𝑟eff applicable to various oscillating flow conditions can be used for improving a 
thermoacoustic engine design.  
The thermoacoustic engine is a novel heat engine producing large acoustic powers from supplied heat. The thermodynamic 
cycles responsible for the energy conversions are executed by acoustic gas oscillations in a regenerator, being a porous media 
with tiny flow channels, through isothermal expansion and compression. The thermoacoustic engine is potentially an 
alternative device of conventional mechanical heat engines because a use of acoustic waves in place of mechanical moving 
parts can avoid problems such as friction, piston sealing, complexity and so on. Also, the thermoacoustic engine is an external 
combustion engine without using any environmentally harmful working gases. This engine should serve as a durable and 
sustainable solution with a low manufacturing cost.  
In order to achieve a high thermal efficiency comparable to mechanical heat engines, the stacked-screen regenerator is 
indispensable to the thermoacoustic engine because it achieves an excellent thermal contact with the working gas due to high 
surface-area-to-volume ratio. A full theoretical formulation of the stacked-screen regenerator, however, is generally difficult 
because of its tortuous pore structure. Therefore, the stacked-screen regenerator still remains an obstacle for a precise 
estimation of the engine performance.  
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In a regenerator with regular flow channels, thermal interactions between the gas and the channel walls are theoretically 
understood by the thermoacoustic theory derived from linearized equations of the hydrodynamics. Under the framework of the 
thermoacoustic theory, the present study aims to characterize the stacked-screen regenerator with a bundle of regular 
cylindrical tubes, in order to improve the numerical simulation codes for practical engine design. Systematic investigations are 
outlined as follows.  
Chapter 1 introduces the background of the present study. At the beginning, the thermoacoustic theory was devoted to 
understand the early observations of thermoacoustic self-sustained oscillations, and later it was recognized as the basis of the 
development of thermoacoustic engines. It also serves as a starting point of the current research. For the stacked-screen 
regenerator, a comprehensive literature review is given from two perspectives of mechanical Stirling engine and acoustical 
studies. On the basis of the current understanding the thermoacoustic engines and the regenerator, objectives of this study are 
stated.  
In Chapter 2, by testing stacked-screen regenerators in either pressurized helium or argon gases at 0.45 MPa with ambient 
temperature, the oscillatory flow resistance is experimentally obtained from measured acoustic power decreases across the 
regenerator. The results are com- pared with three empirical equations frequently used in the Stirling and thermoacoustic 
engines. An empirical equation of the flow resistance proposed by Obayashi et al., parameterized with two non-dimensional 
parameters of 𝑅𝑒h and 𝑟0/𝛿ν, presents the better agreements with experimental results than the others that are given by using 
merely one of them, where 𝑅𝑒h represents the Reynolds number based on the velocity amplitude of the oscillation, and 𝛿ν 
signifies the viscous penetration depth relating to the oscillation angular frequency 𝜔. In the empirical equation, 𝑟0 = (√(dh 𝑑w)/2, 
where dh and 𝑑w respectively denote the hydraulic diameter and wire diameter of the mesh screen), is an effective radius of 
Ueda et al., which models tortuous flow channels of the stacked-screen regenerator as a bundle of cylindrical tubes when the 
velocity amplitudes are extremely small.  
In Chapter 3, the capillary-tube-based modeling for the stacked-screen regenerator has been further applied to derive a 
velocity-dependent effective radius 𝑟eff from the flow resistance empirical equation of Obayashi et al. Under the framework of 
the thermoacoustic theory, the experimental effective radius 𝑟eff, exp. is numerically obtained from the measured acoustic 
pressure and axial acoustic particle velocity at both ends of differentially heated regenerators, in either pressurized helium or 
argon gases at 0.45 MPa. Agreements between 𝑟eff and 𝑟eff, exp. verify that the proposed effective radius 𝑟eff based on uniform 
temperature experiments is capable of characterizing thermoacoustic power productions induced by the stacked-screen 
regenerator with temperature gradients.  
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In Chapter 4, the acoustically driven heat flow transmitted through the regenerator in the oscillatory flow of the argon gas 
having the mean pressure of 0.45 MPa has been measured and compared with four different empirical equations used in the 
thermoacoustic and Stirling engine designs. Four empirical formulations reproduce the measured heat flow rates to a similar 
degree. Among them, the effective radius of Ueda et al. is found to give the simplest formulation and the best accuracy. In 
addition, acoustic fields at both ends of the regenerator for transmitting the heat flow are measured to numerically calculate the 
experimental effective radius and compared with 𝑟eff again. Results suggest that two effective pore radii 𝑟eff and 𝑟0 are necessary 
to account for the acoustic power change and the heat power flowing through the stacked-screen regenerator, respectively.  
In Chapter 5, two types of the thermoacoustic engines have been built by installing the stacked-screen regenerator in the 
straight tube and looped tube. The spontaneous oscillations in the two engines are reported including the start-up temperature 
ratio and the growth of saturation oscillations. Also, based on the transfer matrix characterized by the thermoacoustic theory, a 
numerical calculation method using the imaginary frequency has been proposed for evaluating performances of the whole 
thermoacoustic engine system. The imaginary frequency indicates an attenuation/growth rate of the instantaneous amplitude of 
oscillations. The proposed calculation method is able to predict the start-up temperature ratio by using 𝑟0, and also to estimate 
the evolutions of steady oscillations and the thermal efficiency using 𝑟0 and 𝑟eff. Calculation results are verified by two 
experimental cases of stacked-screen regenerators of #50 and #40 mesh numbers in the straight-tube thermoacoustic engine 
filled with pressurized nitrogen gas at 0.6 MPa.  
In Chapter 6, each of sub-studies in this thesis is individually summarized and it is concluded that the stacked-screen 
regenerator is phenomenologically characterized by two effective radii 𝑟eff and 𝑟0 respectively for capturing the acoustic powers 
and heat powers transmitted through the regenerator. The author is convinced that the conventional evaluation methods of the 
thermoacoustic engine utilizing the stacked-screen regenerator are improved by using these two effective radii. Also, an 
outlook for improving the current study is given.  
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